Background Accelerometers and pedometers have been used to monitor the number of steps. However, the evidence on the step-counting accuracy of these devices -especially accelerometers -is limited in persons with Down syndrome (DS). This study therefore examined the accuracy of accelerometers placed on the hip or wrist and of a pedometer with a uni-axial accelerometer mechanism in measuring steps in persons with DS and whether device error is associated with walking speed, height, weight, body mass index, waist circumference, leg length, age or sex. Method Seventeen persons with DS (eight women and nine men; age 33 ± 15 years) walked over-ground for 6 min at their preferred speed. The steps were measured with a hip-worn and a wrist-worn ActiGraph accelerometer using the manufacturer's default (DF) and low-frequency extension (LFE) filters, and with the NL-1000 New Lifestyles pedometer on the hip. Steps were also measured with hand tally which served as the criterion. Results Absolute percent error was considerable and differed statistically between devices (P = 0.001); however, error improved for accelerometers when
Introduction
Physical activity (PA) participation improves physical fitness, functional parameters and overall health in individuals with Down syndrome (DS) (Rimmer et al. 2004; Carmeli et al. 2004a; Boer and Moss 2016) .
However, individuals with DS have lower PA levels compared with individuals without DS, and most do not meet recommendations for health-promoting PA (Phillips and Holland 2011; Dixon-Ibarra et al. 2013; Shields et al. 2018) . Some research also suggests that adults with DS take fewer daily steps than adults with intellectual disability (ID) but without DS (Stanish 2004) . Walking is an important type of PA for health promotion (Tudor-Locke et al. 2017) . It is also a common PA type among adults with DS (Draheim et al. 2002; Heller et al. 2003) . Increasing the number of daily steps is associated with improvements in cardio-metabolic health indicators, depression and body composition (Bravata et al. 2007; McKercher et al. 2009; Schmidt et al. 2009; Tudor-Locke et al. 2011b) . Given the many benefits of walking, guidelines for daily steps have been created (Tudor-Locke et al. 2011a) . Furthermore, interventions for increasing the number of daily steps have been developed (Kang et al. 2009) . In this context, the ability to accurately monitor the number of steps people with DS perform daily has scientific and clinical relevance.
Accelerometers and pedometers are two types of activity monitors used to measure the number of steps taken. The Actigraph tri-axial accelerometer, in particular, has been utilised for this purpose. Although this is a tri-axial accelerometer, it records steps based on vertical axis accelerometer data. Several studies have examined the accuracy of ActiGraph accelerometers, specifically the earlier GT3X and GT3X+ models which have been shown to accurately counts steps, but are less accurate at slow speeds (Webber et al. 2014; Feito et al. 2015; Lee et al. 2015; Tudor-Locke et al. 2015) . To increase the capability of the ActiGraph models in detecting lowamplitude movements, such as slow walking, the low frequency extension (LFE) filter has been introduced. When the LFE is selected for data processing, it reduces the acceleration threshold for recording steps, thus increasing the sensitivity of the accelerometer to low-intensity movements. LFE has been shown to increase step-counting accuracy at most speeds, including treadmill speeds of ≤0.9 m·s À1 (Feito et al. 2015; Tudor-Locke et al. 2015) . Therefore, application of LFE may improve the step-counting accuracy of the Actigraph accelerometer in adults with DS who have a tendency to walk slowly (Agiovlasitis et al. 2009b; Agiovlasitis et al. 2011) .
Most researchers place the accelerometer on the hip (Tudor-Locke et al. 2002; Le Masurier and TudorLocke 2003; Feito et al. 2012; Barreira et al. 2013; Sandroff et al. 2014; Johnson et al. 2015; Leung et al. 2017) . However, large-scale PA surveillance studies such as the National Health and Nutrition Examination Survey (NHANES) utilise an Actigraph accelerometer placed on the wrist. A study reported that an ActiGraph GT3X+ accelerometer counted fewer steps when worn on the wrist than the hip at most speeds, regardless of the applied filter (Tudor-Locke et al. 2015); however, application of LFE to both wrist-worn and hip-worn accelerometer data improved step-counting accuracy at the slowest walking speeds. Notably, there have been no previous reports examining the step-counting accuracy of a hip-worn or wrist-worn Actigraph accelerometer in persons with DS. Apart from accelerometers, pedometers also record steps. In fact, most present-day pedometers also employ an accelerometer mechanism, which can sense accelerations in one axis (vertical), two axes (vertical and anteroposterior) or three axes (vertical, anteroposterior, and mediolateral), and record steps. These pedometers have high accuracy counting steps in the general population (Melanson et al. 2004; Crouter et al. 2005) ; however, at slow walking speeds, pedometers tend to undercount steps, regardless of body mass index (BMI), tilt angle or walking course (Swartz et al. 2003; Connolly et al. 2011; Dondzila et al. 2012; Feito et al. 2012) . Thus, pedometers may have limitations when used to measure steps in people who have a tendency to walk slowly as people with DS do (Carmeli et al. 2004b; Agiovlasitis et al. 2009b; Agiovlasitis et al. 2016) . Past research in persons with DS has shown that a pedometer with a tri-axial accelerometer mechanism was highly accurate at speeds ≥1.0 m·s À1 (including at a preferred walking speed of 1.09 m·s À1 ) but significantly less accurate at slower speeds (Agiovlasitis et al. 2016) . In another study in persons with DS, the accuracy of a pedometer with a bi-axial mechanism was not affected by speed; the pedometer was highly accurate during walking at the preferred speed and at speeds slower (0.88 m·s À1 ) and faster (1.56 m·s À1 ) than the preferred (Pitchford and Yun 2010) . The NewLifestyles NL-1000 is a commonly used pedometer with a uni-axial accelerometer mechanism and has been reported to accurately count steps in the general population (Crouter et al. 2003; Crouter et al. 2005) .
No previous study has examined the accuracy of this or any other pedometer with a uni-axial accelerometer mechanism in individuals with DS. Furthermore, no study has examined, if the accuracy of such pedometers in people with DS differs from that of the Actigraph accelerometer, which also depends on a single axis for measuring steps. The purpose of this study was to evaluate the accuracy of the Actigraph accelerometer placed on the hip or wrist with and without LFE, and of a pedometer with a uni-axial accelerometer mechanism in measuring steps in persons with DS. This study also examined if device error is associated with walking speed, height, weight, BMI, waist circumference, leg length, age or sex.
Method

Participants
Participants for this study were recruited from a rural area of the Southern United States through contacts from previous research, and with the support of group homes, community-based service programs, and local advocacy groups for persons with disabilities. Eighteen persons with DS volunteered, but one declined participation later. The final sample included 17 persons with DS (nine men and eight women; Table 1 ). All participants were ambulatory without an assistive device and had the ability to understand the testing procedures. Ten participants lived with their parents and seven in group homes. The Institutional Review Board approved the study. All participants provided written informed consent. In addition, the parents of all participants provided written permission.
Procedures
Participants attended a single testing session conducted either in a University Gymnasium or at the participants' residences which were within 100 miles from our campus. First, anthropometric measurements were conducted, and then participants completed a walking trial.
Height was measured with a portable stadiometer (CE 0123; Seca, Chino, CA) and weight with a portable scale (CE 813; Seca, Chino, CA), allowing for calculation of BMI. Waist circumference and leg length were measured with a tape measure. Waist circumference was measured over light clothing as the narrowest part of torso above the umbilicus. Leg length was measured during standing with knees extended and shoes on as the distance from the greater trochanter to the floor.
The walking trial was 6 min in duration and was conducted in a pathway 20 m in length marked with cones. The trial was conducted indoors for all participants except three whose residences were too far from out campus and an appropriate indoors facility was not available. For these three participants, we conducted the walking trial outdoors in a quiet area on concrete level ground during comfortable environmental conditions. To ensure that participants understood the procedure, we did the following prior to the 6-min walking trial: (1) we gave participants simple instructions about the trial; (2) a researcher demonstrated a shorter 40-m version of the trial; and (3) the participant practiced a 40-m walking trial. Participants then sat for 10 min prior to performing the actual walking trial. After this rest period, participants walked over-ground at their comfortable speed for 6 min. During the trial, a trained researcher who followed the participant measured the steps taken with a hand tally counter (M-357, Robic, Oxford, CT). Hand tally is often used as the criterion method for step-counting (Crouter et al. 2003; Pitchford and Yun 2010; Feito et al. 2012; Johnson et al. 2015; Agiovlasitis et al. 2016) . The total distance covered by the participant was also measured, allowing for determination of speed. The average walking speed was determined by dividing the total 23 distance walked by time to completion (6 min). During the walk, participants wore one pedometer (NL-1000, New-Lifestyles, Lee's Summit, MO, USA) and two accelerometers (wGT3X+, Actigraph, Pensacola, FL). The pedometer was secured with a strap at waist level and midline of the thigh over the left hip. The same strap was used to secure an accelerometer over the right hip. The other accelerometer was secured on the right wrist. One man with DS did not move his right wrist during the walk, and his data from the wrist accelerometer were not included in the analysis. All participants wore the same pedometer and accelerometers.
Data analyses
We obtained the steps as estimated by the two accelerometers with and without LFE using the ActiLife 6.13.3 software (ActiGraph, Pensacola, FL).
We also recorded the steps as estimated by the pedometer. Finally, we recorded the actual steps as measured with hand-tally. Thus, steps were recorded with six methods: (1) hand tally (criterion); (2) pedometer; (3) hip accelerometer without LFE; (4) hip accelerometer with LFE; (5) wrist accelerometer without LFE; and (6) wrist accelerometer with LFE. We then calculated the absolute percent error for each method relative to the criterion method of hand tally as the absolute value of [(actual steps À estimated steps) / actual steps] × 100. Differences in steps among the six methods, and differences in absolute percent error between methods were statistically evaluated using within-subject analysis of variance (ANOVA) and follow-up Bonferroni tests as warranted. The Greenhouse-Geisser adjustment was applied when compound symmetry was violated based on Mauchly's test. Agreement between actual steps and steps estimated by each device was also evaluated with the Bland-Altman plots (Bland and Altman 1999) . Finally, we used Pearson's correlation coefficients to examine whether each method's absolute percent error was associated with walking speed, height, weight, BMI, waist circumference, leg length, age or sex. Statistical analyses were conducted using IBM SPSS 23.0 (IBM, Armonk, NY). The alpha level was 0.05.
Results
The mean walking speed of participants was 0.69 ± 0.26 m·s À1 . There were differences in steps among the six assessment methods as evidenced by significant main effect in the within-subject ANOVA (F 5,75 = 9.67, P < 0.001, partial η 2 = 0.39; Table 2 ).
Follow-up Bonferroni tests showed that (1) steps measured by the hip accelerometer with LFE and by the pedometer did not differ statistically from actual steps measured with hand tally; (2) steps by the remaining methods were significantly lower than hand tally (P ≤ 0.001); (3) the hip accelerometer measured significantly more steps when LFE was used than when LFE was not used (P = 0.021); and (4) the wrist accelerometer measured significantly more steps when LFE was used than when LFE was not used (P < 0.001). Additional comparisons are shown in Table 1 . From a descriptive standpoint, the steps measured by the hip accelerometer with LFE were closer to actual steps compared with all other methods, followed by the wrist accelerometer with LFE. Absolute percent error also differed between the six methods as shown by significant main effect in the ANOVA (F 4,60 = 7.08, P = 0.001, partial η 2 = 0.32; 24 Note: 1, 2, 3, 4, 5, 6 = significantly lower (P ≤ 0.021) from method 1, 2, 3, 4, 5, or 6, respectively, in Bonferroni tests; LFE, low frequency extension. Table 2 ). Among the results of follow-up Bonferroni tests on percent error, the most notable were (1) the error of the hip accelerometer was lower with LFE than without LFE (P = 0.012); (2) the error of the hip accelerometer did not differ from the wrist accelerometer when LFE was used for both devices; and (3) the pedometer error was not statistically different from that of accelerometers with or without the use of LFE. More comparisons are shown in Table 2 . Descriptively, the hip accelerometer with LFE had the lowest error, followed by the wrist accelerometer with LFE. For the remaining methods, absolute error indicated somewhat large underestimation of actual steps. The error of the hip accelerometer with LFE and of the pedometer were not significantly correlated with age (r = 0.14 and 0.27, respectively; P ≥ 0.304). However, age was significantly associated with error by the remaining methods: for the hip accelerometer without LFE, r = 0.48, P = 0.05; for the wrist accelerometer without LFE, r = 0.67, P = 0.005; for the wrist accelerometer with LFE, r = 0.50, P = 0.046. None of the correlations between percent error for each method and walking speed, height, weight, BMI, waist circumference, leg length or sex were statistically significant (P ≥ 0.249); these correlation coefficients ranged between À0.28 and +0.30. The Bland-Altman plots were indicative of some underestimation of steps by all methods, especially for the two accelerometers when LFE was not used (Fig. 1) . When LFE was used with the two accelerometers, predictability improved as shown by smaller mean error and smaller 95% confidence intervals. The plots also showed greater variation in individual predictability for the pedometer than the two accelerometers.
Discussion
In the present research, we evaluated the accuracy of a hip-worn New-Lifestyles NL-1000 electronic pedometer and the Actigraph wGT3X+ accelerometer worn on the hip and wrist in measuring steps during self-paced walking in persons with DS. We further examined whether use of LFE improves the accuracy of the Actigraph accelerometer. The main finding was that LFE significantly improves the step-counting performance of the Actigraph accelerometers placed on the hip or wrist. Without LFE, both accelerometers largely underestimated steps. Furthermore, the error of the pedometer appeared somewhat large.
Our study is the first to evaluate the step-counting performance of the wGT3X + Actigraph triaxial accelerometer in persons with DS. Without LFE, both the hip-and the wrist-worn accelerometer largely underestimated steps taken. Application of LFE, however, resulted in significantly better estimation of actual steps as shown by improvements in the Bland-Altman plots and absolute percent error. This finding is in agreement with previous research in people without disabilities evaluating the accuracy during treadmill walking of the GT3X or GT3X+ Actigraph accelerometers -earlier versions of the Actigraph accelerometer with essentially the same mechanism as the wGT3X+ used in our study (Feito et al. 2015; Tudor-Locke et al. 2015) . These studies did not report the absolute percent error, and direct comparisons with our data are difficult. Nevertheless, these researchers found accuracy to largely improve with LFE, especially for a hip-worn accelerometer, at speeds near the preferred walking speed of the participants in our study. These researchers also found that error with or without LFE was higher during slow walking and decreased with increases in speed. Slow speed may partially explain the error observed in our study with or without LFE. Although we did not find a significant correlation between absolute error and speed, the small range of speeds during normal walking of the present participants may have been responsible for this. Neither did we find that error of the hip-worn and wrist-worn accelerometers with and without LFE was associated with height, weight, BMI, waist circumference, leg length or sex. However, we did find that the errors of the hip-accelerometer and wrist-accelerometer without LFE and of the wrist-worn accelerometer with LFE were positively associated with age. In contrast, the error of the hip-worn accelerometer with LFE was not associated with age. The reasons for the significant associations are difficult to determine. Older adults generally walk with shorter and wider steps than younger people (Nagano et al. 2013) . It is possible that these steps reflect low amplitude movements that cannot be detected by a wrist-worn accelerometer with or without LFE, or by a hip-worn accelerometer without LFE. However, use of LFE for the hip-worn accelerometer may resolve such issue, possibly dissociating error from age-associated factors. The causes of accelerometer error with or without LFE need to be further examined. In summary, our results indicate that accuracy of the wGT3X+ Actigraph accelerometer significantly improves with application of LFE, especially for the hip-worn accelerometer, during over-ground walking at the preferred speed in persons with DS.
The error of the NL-1000 pedometer during normal walking was considerable. The BlandAltman plot showed that the mean error of prediction and the amount of underestimation were smaller than those of the two accelerometers without application of LFE. However, there was large variability in prediction of individual values as shown by the large width of the 95% confidence interval in the Bland-Altman plot. There was also large variability between people in steps measured by the pedometer and its absolute error, but also by some of the other approaches. This large variability between people is likely the reason for the statistically non-significant differences in steps and absolute error between the pedometer and the other methods examined in our research. However, the absolute percent error was somewhat large compared with that reported in previous research in persons with and without DS (Crouter et al. 2003; Pitchford and Yun 2010; Agiovlasitis et al. 2016) . Collectively, our findings and those of others indicate that factors that vary between people may account for pedometer error. As for the accelerometers, correlations of absolute pedometer error with walking speed, height, weight, BMI, waist circumference, leg length or sex were not significant. Furthermore, error was not associated with age. Nevertheless, it is known that slow walking impairs the ability of pedometers to record steps in people with and without DS (Crouter et al. 2003; Pitchford and Yun 2010; Agiovlasitis et al. 2016) . One previous study conducted in persons without disabilities found that the NL-2000 pedometer, which has the same mechanism as NL-1000 we used, had low error at a speed similar to the mean of the present participants (Crouter et al. 2003) . Thus, the difference between the results of that study and ours may relate to the fact that our participants were persons with DS. Two previous studies that have evaluated pedometers during selfpaced over-ground walking in persons with DS have found smaller absolute errors than the error in our study (Agiovlasitis et al. 2009a; Pitchford and Yun 2010) . These researchers used a pedometer with either a biaxial or a triaxial accelerometer mechanism, whereas we used a pedometer with a uniaxial accelerometer. Pedometers recording steps based on accelerations in multiple axes may be more accurate because they may better capture movements during walking that occur in planes other than the sagittal. People with DS have altered movement patterns during walking, including greater mediolateral motion of the body's center of mass and greater step widths (Kubo and Ulrich 2006; Agiovlasitis et al. 2009a) . This pattern may be captured by pedometers that measure movements in multiple axes. Collectively, the present results and those of previous studies indicate that pedometers with multi-axial accelerometer mechanisms may be more effective than those with uniaxial mechanisms in measuring steps during self-paced walking in persons with DS.
Monitoring the number of steps taken during selfpaced walking is important for research and promotion of PA in people with DS. Past research has shown that walking is the most commonly performed PA among individuals with DS (Draheim et al. 2002; Heller et al. 2003) . Thus, these individuals are very likely to perform a large number of steps at their preferred walking speed which has been shown to be slower than that of persons without disabilities (Agiovlasitis et al. 2009b; Agiovlasitis et al. 2011) . Slow walking may not be above the threshold for moderate-to-vigorous activity in persons with DS (Agiovlasitis et al. 2009b; Agiovlasitis et al. 2012) . However, it can still produce health benefits and may contribute to avoiding inactivity (U.S. Department of Health and Human Services 2008). Measuring steps taken during the day is also a simple and practical method of motivating people to be physically active, and it has been shown to produce health benefits (Bravata et al. 2007; Kang et al. 2009; Tudor-Locke and Lutes 2009; Tudor-Locke et al. 2011a) . When PA professionals employ the monitors used in the present study, they should be evaluating results in light of the potential errors of these devices. Furthermore, professionals should be aware that, under free-living conditions when people perform many different activities -not only walking, both waist and wristworn Actigraph accelerometers, with or without LFE, tend to overestimate steps taken during the day (Barreira et al. 2013; Wanner et al. 2013; Feito et al. 2015; Tudor-Locke et al. 2015) . Nevertheless, the present results indicate that PA researchers and practitioners should prefer accelerometers offering a filtering option for low amplitude activities such as the LFE for the Actigraph wGT3X+ accelerometer for monitoring self-paced ambulatory activity in adults with DS. Certainly, further improvements in devices that monitor steps during self-paced activities are needed.
Readers should consider the following limitations of our study. We recruited a relatively small sample of participants with DS, and we did not have a comparison group of participants without DS. We also did not measure the level of ID of the participants, and we could not evaluate its possible impact on device error. In addition, we evaluated the step-counting performance of monitors during a single self-selected walking speed and did not examine monitor accuracy at different speeds. Furthermore, we did not evaluate our reliability of measuring steps with hand tally. Having two researchers concurrently measuring steps could have increased our confidence in the criterion measure. These limitations should be addressed in future research. Readers, however, should also consider some strengths. First, we evaluated the accuracy of two different monitors. Second, we examined accuracy of the wGT3X+ accelerometer at two different placement sites with and without LFE. Third, our study is the first to examine the stepcounting accuracy of this accelerometer in persons with DS. Fourth, we used over-ground walking which is more ecologically relevant that treadmill walking. Finally, we employed a self-selected walking pace which is likely to reflect normal everyday ambulatory behaviour in persons with DS.
In summary, the wGT3X+ accelerometer without LFE worn either on the hip or wrist largely underestimates steps taken during over-ground walking at self-selected speeds. Application of LFE, however, significantly improves the step-counting performance of this monitor both for the hip and the wrist placement sites. The NL-1000 pedometer which has a uniaxial accelerometer mechanism has considerable error at the preferred walking speed in persons with DS. Our results indicate that monitors with filters that increase the sensitivity to low amplitude activities should be preferred when measuring steps in persons with DS.
